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Measuring and monitoring of structure deformations such as beams have an 
essential role in civil structural analysis. Measurements obtained pertaining to their 
displacements, among others, provide the information needed for the studies on 
material behaviours and structural designs. These measurements can also provide 
important indicators regarding to their failures. Under controlled laboratory 
conditions, these displacements can be determined using, for instance, high precision 
Linear Voltage Differential Transducers (LVDT). The high precision capabilities of 
these sensors make them suitable for structural deflection experiments. However, these 
LVDT sensors face a number of major drawbacks, such as, the sensors may be 
subjected to movement or damaged during the experiment, and the points measured 
are at pre-determined locations. In other words, displacements can only be measured 
at points where the LVDTs sensors are fixed. In addition, when large numbers of points 
of displacement are required or desired, the use of these sensors becomes prohibitively 
expensive and laborious. Whilst various researchers have used digital close range 
photogrammetry and the area-based matching approach in determining movements but 
work on the use of more than two images and surface models has not been reported.  
Therefore, this study proposes a revised method of precisely determining the 
displacements of structures using a multi-image area-based matching approach that 
uses surface models, i.e. a non-contact method. Experiments on beams under loading 
were performed under laboratory conditions. A series of multiple digital images were 
captured simultaneously using three digital single-lens reflex cameras throughout the 
experiments. The beam’s vertical displacements obtained from the proposed method 
were then validated by comparing against those obtained from the LVDTs. The results 
indicate that the mean differences between the displacement obtained from the 
proposed method and LVDTs are less than 0.5mm.The ttest conducted with a 
confidence level of 5% revealed that the differences between the two sets of results are 
not significant. It can be concluded that the use of multi-image area-based image 
matching using surface models is capable of measuring displacements and be used as 


















Mengukur dan memantau anjakan struktur rasuk memainkan peranan penting 
dalam kerja-kerja analisa ketahanan struktur binaan awam. Ukuran anjakan pugak 
merupakan maklumat penting yang diperlukan dalam kajian tahap ketahanan bahan 
binaan dan rekabentuk struktur. Pengukuran ini juga dapat memberikan petunjuk 
penting berkaitan dengan kegagalan sesuatu struktur. Ujikaji di makmal yang 
dijalankan secara terkawal mampu mengukur anjakan struktur rasuk dengan ketepatan 
tinggi menggunakan LVDT. Keupayaan mengukur nilai anjakan pada kejituan tinggi 
menjadikan LVDT adalah alat yang paling sesuai digunakan untuk ujikaji pengukuran 
anjakan pugak komponen struktur. Walaubagaimanapun, penggunaan LVDT terdedah 
kepada beberapa kekangan. Sebagai contoh ianya berkemungkinan terganggu atau 
rosak semasa ujikaji makmal dijalankan. Tambahan pula, anjakan pugak struktur rasuk 
hanya boleh diukur pada kedudukan yang dipasang LVDT sahaja. Sekiranya 
pengukuran titik anjakan pugak struktur yang menyeluruh diperlukan, proses 
pemasangan LVDT melibatkan masa dan kos yang tinggi. Pelbagai kajian berkaitan 
dengan pengunaan fotogrametri berdigit jarak dekat dan padanan imej kawasan dalam 
pengukuran anjakan pugak struktur rasuk telah dilaporkan. Walaubagaimanapun 
kajian yang menggunakan lebih daripada dua imej beserta maklumat model 
permukaan dalam pengukuran anjakan struktur rasuk masih tidak terdapat. Justeru itu, 
kajian ini mencadangkan penambahbaikan kaedah menentukan anjakan melalui teknik 
kepadanan berbilang imej berasaskan model permukaan. Ujikaji bebanan pada struktur 
rasuk telah dijalankan secara terkawal di makmal. Sepanjang tempoh ujikaji, imej 
struktur rasuk telah dirakam secara serentak menggunakan tiga unit kamera DSLR. 
Nilai ukuran anjakan pugak struktur rasuk yang diperolehi menggunakan kaedah yang 
dicadangkan telah dibandingkan dengan nilai anjakan pugak yang diperolehi 
menggunakan kaedah LVDT. Keputusan menunjukkan purata perbezaan min anjakan 
pugak struktur rasuk berbanding dengan ukuran menggunakan LVDT adalah kurang 
0.5mm. Hasil ujian ttest pada tahap keyakinan 5% mendapati nilai perbezaan antara dua 
set keputusan menunjukkan perbezaan yang tidak signifikan. Kesimpulannya teknik 
kepadanan berbilang imej berasaskan model permukaan berkeupayaan untuk 
mengukur anjakan pugak struktur rasuk serta boleh digunakan sebagai kaedah 
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1.1 Background of Study 
 
Structure elements (e.g. beams, column, slabs, etc.) are parts of the main 
components in civil engineering applications such as bridges, highways, tunnels, 
buildings and dams. The design of large manmade structure is mainly based on 
information about the materials that is usually obtained experimentally. Normally, 
small-scale specimens are used and simplified assumptions are made with regard to 
the geometry and the behaviour of the structure elements and structure components. 
 
In a study conducted by Benning et al. (2005) on steel, timber and concrete 
beams, it was concluded that deformations or displacement measurements play an 
important role in structural management. Other studies conducted by, among others, 
Whiteman et al. (2002); Tsakiri et al. (2004); Psaltis and Ioannidis, (2004); Chounta 
and Ioannidis (2012; Koken et al. (2014); Maas and Liebold (2016) and Almeda et al. 
(2016), also concurred that deformation and displacement measurement information 
in structure elements under laboratory control conditions, constitute a very useful tool 
for assessment of strength for the validation of the theoretical design models and 
material behaviour. Furthermore, these deformations can also provide important 




The application of photogrammetry, or more aptly, digital close range 
photogrammetry (DCRP), in the measurements of structure displacements have been 
reported by many researchers. For example, Whiteman et al. (2002) and Jauregui et al. 
(2003) applied the DCRP method to measure vertical displacement of bridges span. 
Mustaffar et al. (2004, 2007, 2009) applied the DCRP approach using area-based 
surface matching in determining deformation of civil structures (such as steel, concrete 
and timber beams), Benning et al. (2005) and Lecompte et al. (2006) investigated on 
the relationship between beam displacement and the concept of two dimensional 
deformations on concrete beam for crack evolution by using DCRP approach to detect 
the appearance and evolution of cracks.  
 
While, Whiteman et al. (2002), Fraser (2000), Jauregui et al. (2003), Gordon 
et al. (2003), Psaltis and Ionnindis (2004), Benning et al. (2005), Gordon and Litchi 
(2007), Chang and Ji (2007), Chauta et al. (2012), Detchev et al. (2011 and 2013), 
Tesauro et al. (2014), Costa et al. (2011 and 2014), Koken et al. (2013), Stochino et 
al. (2015) and Stavroulaki et al. (2016) were among the other researchers who 
contributed the DCRP method to the structural cracks and displacement 
measurements. 
 
DCRP is a method where the three dimensional measurements are made from 
two dimensional images taken on one object. In general, digital images are taken from 
an object from at least two camera positions. From each camera position, there is a line 
that run from each point on the object to the perspective centre of the camera. Using a 
principle of triangulation, the point of intersection between the different lines of sight 
for particular points is determined mathematically to identify the spatial or three 




1.2 Statement of the Problem  
 
In general, beam displacement measurement is critical to structural assessment 
(Whiteman et al. 2002) and typically undertaken using LVDTs or dial gauges to 




accuracy of 0.01mm-0.1mm (Psaltis and Ionnidis, 2004). However, this method, which 
requires direct contact between the test samples and the LVDTs, suffers from major 
drawbacks, such as, the measuring instruments may be damaged during the 
experiment, and the points measured cannot be densed and well distributed (Psaltis 
and Ionindis, 2004). In addition, deformations can only be measured at points where 
the sensors are fixed and in many cases would not cover the entire surface (Mustaffar 
et al. 2004; Gordon and Lichti, 2007) leaving the data between the sensors to be 
assumed rather than definitively determined. In addition, when large numbers of points 
of displacement are required or desired, using these sensors becomes excessively 
expensive and requires considerable time and effort (Whiteman et al. 2002; Fu and 
Moosa, 2002; Kuang et al., 2003; Mustaffar et al., 2004).  
 
In field applications to monitor structures displacement (e.g. bridges), 
installation of contact sensors requires a motionless platform or support for the LVDTs 
to be fastened. The reference platform has to be steady and close to the structure 
because the sensor sizes are relatively small compared to the size of the structure to be 
tested. This is a typical problem when dealing with field testing because to establish 
the required platform as an access to the structure is costly and tedious. Furthermore, 
it is difficult when large numbers of displacement points are required (Fu and Moosa, 
2002). Moreover, the disadvantage of the present contact method does not allow a 
complete analysis of the local damage mechanisms which lead to the failure of the 
structure, due to the heterogeneous nature of the materials (Hassaoun and Manaser, 
2005).  
 
Due to the number of drawbacks that have been highlighted and because of the 
difficulties in measuring the vertical displacement by using the existing traditional 
contact method, many researchers have put their effort to alleviate the existing problem 
on structural displacement measurements by using non-contact methods (Psaltis and 
Ioanindis, 2004) such as videometry technique (Luhman, 2006), digital close range 
photogrammetry (Atkinson, 1996; Clarke and Robson, 1993; Fraser, 1992; Fraser, 
2000; Whiteman et al., 2002; Psaltis and Ioannindis, 2004; Gordon and Litchi, 2007), 
geodetic method by using precision robotic total station (Tsakiri et al., 2004) and 
terrestrial laser scanner (TLS) system (Gordon et al. 2003; Gordon and Litchi, 2007). 




them to be not cost effective for small studies. DCRP, on the other hand, only requires 
off-the-shelves cameras that are more affordable and accessible. 
 
Moreover, the advancement of computer technologies and storage capacity, 
has made image processing task more reliable, faster and applicable to many 
applications that deal with digital images. The digital images captured by the digital 
cameras can then be downloaded to a computer for further images processing and 
analysis. Whiteman et al. (2002), Jauregui et al. (2003), Gordon et al. (2003), 
Mustaffar et al. (2004) and Psaltis and Ionnidis (2004) had applied DCRP using high 
resolution digital cameras to investigate the structural displacements by using digital 
image matching (DIM) or digital image correlation (DIC) technique.  
 
The terms digital image matching and digital image correlation technique are 
widely accepted and well known in digital photogrammetry, computer vision and optic 
applications. The ideas and development of image matching in photogrammetry has 
been discussed since 1950’s by many researchers as explained by Atkinson (1996) and 
Shenk (1999). Digital image matching in photogrammetry applications is a method or 
a process of finding conjugate points in a pair or more pairs (multi images) of digital 
stereoscopic images automatically (Shenk, 1999).  
 
In other words, image matching method are used to identify and uniquely 
match identical object features (points, patterns, edges) in two or more images of the 
object (Luhman et al., 2006). As explained by Atkinson (1996), Wolf and Dewitt 
(2000), digital image matching can be classified into three categories: area-based 
matching, feature-based matching and hybrid-method (combination of the area-based 
and feature based method). However, the interest of this study is the implementation 
of the first category image matching method, i.e., the area-based matching technique 
in beam displacement measurement of reinforced concrete and timber beams by using 
multiple images. 
 
A revised area-based matching that uses surface models, or surface modelled 
area-based matching, will be developed based on a three camera arrangement, i.e., 
multi-image correlation. The image form one camera will be assigned as a template or 




assigned as pairs to the template or references image. In other words, three images will 
be used to monitor the structural elements displacements. If more cameras are used, 
this means more images can be used to determine the displacements. The revision is 
based on the image matching algorithms introduced by Mustaffar (1997) which was 
developed using only two images taken simultaneously. It is anticipated that the 
redundancies resulted in using three images would enhance the accuracy of the results.  
 
 
1.3 Objectives of the Study 
 
The aim of this study is to develop and investigate the accuracy of the multi-
image area-based matching that uses surface models in measuring the structural beam 
displacements under laboratory conditions. The specific objectives of study are: 
 
i) To develop a new surface modelled area-based matching approach using 
multiple images with the premise of improving the correlation of 
conjugate points in the image space.  
 
ii) To assess the overall performance of the proposed method’s functional 
model using objects of known dimensions. 
 
iii)  To verify the accuracy of the proposed method by comparing the results 





1.4 Scope and Limitations of the Study 
 
The scope and limitations of the work undertaken in this study can be 





i) Revising the existing area-based matching functional model so that a 
multi-image solution can be developed. This revision is based on a three 
camera configuration that captures images simultaneously. 
 
ii) Dimensions of objects with known dimensions will be determined using 
the developed functional model in order to verify its fidelity and 
reliability. 
 
iii) Conducting laboratory based experiments on structural beam 
displacement measurements using the proposed and conventional 
methods. The results were compared to assess the accuracy of the 
proposed method.  
 
iv) Structural beams tested are limited to three types of beams such as ‘Balau’ 
timber beam, reinforced concrete beam and H-Shape reinforced concrete 
beam and column connection, respectively. 
 
v) Due the limited numbers of DSLR cameras available experiments were 
conducted using two Nikon D70, one Nikon D80 and one Nikon D300. All 




1.5 Significance of the Research 
 
The significance of the proposed method is in its capability to provide a 
complementary approach in examining structures’ displacements with high accuracy 
and precision that are comparable to the present laboratory contact methods (using dial 









1.6 Thesis Outline 
 
This thesis is presented in seven chapters which are summarised as follows: 
 
Chapter 1 highlights the background of the study, statements of the problem, 
objective of the study, scope and limitations of the study and significance of the study.   
 
Chapter 2 highlights the literature review related on the theory of DCRP and 
the applications of DCRP technique in various field of civil engineering applications 
especially in structural deformation measurements. The basic theory of image 
matching is also highlighted in detailed. 
 
Chapter 3 describes in detailed the derivation of the new proposed multi image 
matching algorithm which was derived from the conventional affine mathematical 
model. The calculations of the multi-image matching is also explained. 
 
Chapter 4 discusses the applications of the proposed multi-image matching 
algorithms on flat surface by using small scale objects. Small scale object such as flat 
surface aluminium plate has been used to test and verify the accuracy of proposed 
method. 
 
Chapter 5 describes the laboratory experiment arrangements on the structural 
elements such as timber beam, reinforced concrete beam and H-shaped reinforced 
concrete structure using DCRP techniques to test the proposed method. The laboratory 
experiments set-up are discussed in details. 
 
Chapter 6 presents the results obtained from the laboratory experiments that 
have been conducted on structural components load test to verify the accuracy of the 
proposed method using DCRP technique. The results obtained from the proposed 
method (DRCP technique) were compared with those obtained using LVDT. In 













Aune, V., Fagerholt, E., Hauge, K. O., Langseth, M., Borvika, T. (2016). Experimental 
Study on the Response of Thin Aluminium and Steel Plates Subjected to Air Blast 
Loading. International Journal of Impact Engineering. Volume 90, April 2016, 
pp. 106–121. 
Albert J., Maas, H. G., Schadel, A. and Schwarz, W. (2002). Pilot Studies on 
Photogrammetry Bridge Deformation Measurement. Proceeding of the 2nd IAG 
Commission IV Symposium on Geodesy for Geotechnical and Structural 
Engineering. Berlin, Germany. pp. 133-140. 
Albert K. C. and Renaud M. (2006). Near Infrared Photography for Craniofacial 
Anthropometric Landmark Measurement. The Photogrammetric Record. 21:133 
pp. 16–28. 
Albert K. C., Al-Baghdadi, J. A. A., Alshadli, D. (2014). High Definition Video 
Cameras for Measuring Movement of Vibrating Bridge Structure. International 
Conference on Vibration and Vibro Acoustics. ICVV 2014, Harbin China. 
Almeida Santos C., Oliveira Costa C., Batista, J. (2016). A Vision Based System for 
Measuring the Displacements of Large Structures: Simultaneous Adaptive 
Calibration and Full Motion Estimation. Mechanical Systems and Signal 
Processing. Volumes 72–73, May 2016, pp. 678–694. 
Abdel-Sayed, G., Bakht, B. and Jaeger, L.G. (1990). Soil-Steel Bridge: Design and 
Construction. McGraw Hill: New York.   
Arias, P., Herraez, J., Lorenzo, H. and Ordonez, C. (2005). Control of Structural 
Problems in Cultural Heritage Monuments Using Close-Range Photogrammetry 
and Computer Methods. Computer and Structure. Volume 83, pp. 1754-1766. 
Arias, P., Armesto, J., Di-Capua, J., Gonzalez D. R., Lorenzo H. and Perez-Gracia, V. 
(2007). Digital Photogrammetry, GPR and Computational Analysis of Structural 
Damages in a Mediaeval Bridge. Journal of Engineering Failure Analysis. Vol. 




Avsar, O., Akca, D., and Altan, O. (2014). Photogrammetric Deformation Monitoring 
of the Second Bosphorus Bridge in Istanbul. The International Archives of the 
Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XL-
5, 2014, ISPRS Technical Commission V Symposium, 23 – 25 June 2014, Riva del 
Garda, Italy. 
Atkinson, K.B. (1996). Close-Range Photogrammetry and Machine Vision. Whittles, 
Caithness: United Kingdom. 
Bales, F.B. (1985). Close Range Photogrammetry for Bridge Measurement. Journal 
of the Transportation Research Board. No. 950, pp. 39-44. 
Bales, F.B and Hilton, M.H. (1985). Application of Close-range Terrestrial 
Photogrammetry to Bridge Structures. TRB Virginia Highway and Transportation 
Research Council. 
Baltavias, E. P. (1991). Multi-photo Geometrically Constrained Matching. Institute of 
Geodesy and Photogrammetry, Swiss Federal Institute of Technology, Zurich, 
Switzerland. 
Barazzetti, L. And Scaioni, M. (2007). Automatic Image-Based Crack Deformation 
Measurement. Optical 3D Measurement Techniques Vol. II. pp. 287- 294.  
Beer, F. P. and Johnston, E. R. (1992). Mechanic of Material. New York: McGraw-
Hill. 
Benning W., Lange J., Schwermann, R., Effkemann, C., Gortz, S. (2005). Monitoring 
Crack Origin and Evolution at Concrete Elements Using Photogrammetry. Geo-
Imagery Bridging - XXth ISPRS Congress Continents, Proceeding of IAPRS, Vol. 
XXXV, pp. 678-683. 
Beyer, H.A. (1992). Geometric and Radiometric Analysis of a CCD-Camera Based 
Photogrammetric Close-Range System. ETH-Zurich.  NR. 51, 186p. 
Bruck, H.A., McNeill, S.R., Sutton, M.A., Peters, W.H., (1989). Digital Image 
Correlation Using Newton–Raphson Method of Partial Differential Correction. 
Experimental Mechanics. Vol. 29, Issue 3, pp. 261–267. 
Calitz, M.F. & H. Ruther (1994). L-Norm Methods in Area-Based Matching. 
International Archives of Photogrammetry and Remote Sensing, XXX, Part 5, 22-
27. 
Calitz, M.F. & H. Rüther (1996). Least Absolute Deviation (LAD) Image Matching. 




Chadwick R.G (1992). Close Range Photogrammetry - A Clinical Dental Research 
Tool. Journal of Dentistry, Volume 20, Issue 4, Pages 235-239. 
Chang, C.C. and Ji, Y.F. (2007). Flexible Videogrammetry Technique for Three 
Dimensional Structural Vibration Measurement. Journal of Engineering 
Mechanics. ASCE. Vol. 133, No. 6, pp 656-664. 
Chounta I, and Ioannidis C. (2012). Greece High Accuracy Deformation Monitoring 
of a Concrete Beam Using Automatic Photogrammetric Techniques. FIG Working 
Week 2012. Knowing to manage the Territory, Protect the environment, Evaluate 
the Cultural Heritage Rome, Italy, 6-10 May 2012. 
Cheng, L.C., Shao, Y.C., Jan, H.H., Huang, C.W. and Tien, Y.M. (2006). Measuring 
System for Cracks in Concrete Using Multi-Temporal Images. ASCE. Vol. 132, 
No. 2, pp. 77-82.   
Chu T.C., Ranson W.F., Sutton, M. A., Peter W. H. (1985). Application of Digital 
Image Correlation to Experimental mechanic. Exp. Mechanic. Vol. 29 No.2, pp 
232-244.   
Clarke, T. A., and Robson, S. (1993). Building a Digital Close Range Three 
Dimensional Measuring System for Less Than £5000. Photogrammetry Record. 
14(82), pp. 675–680. 
Cooper, M. A. R. and Robson, S. (1990). High Precision Photogrammetric Monitoring 
of the Deformation of a Steel Bridge. The Photogrammetric Record, 13, pp. 505–
510. 
Corr, D., Accardi, M., Graham-Brandy, L. And Shah, S. (2007). Digital Image 
Correlation Analysis of Interfacial Debonding Properties and Fracture Behaviour 
in Concrete. Journal of Engineering Fracture Mechanics. Vol. 74, pp. 109-121. 
Cross, P.A. (1990). Advanced Least Squares Applied to Position-Fixing. Working 
Paper No. 6. Polytechnic of East London, 205p. 
Costa, D. D., Valença, J., and Julio, E. N. B. S. (2011). Laboratorial Test Monitoring 
Applying Photogrammetric Post-Processing Procedures to Surface 
Displacements. Journal of Measurement. Volume 44, Issue 3, March 2011, pp. 
527–538. 
Costa, D. D., Valença, J., and Julio, ENBS. (2014). Curvature Assessment of Reinforce 
Concrete Beam Using Close Range Photogrammetry. Journal of Material and 




Desh, H. E. and Dinwoodie, J. M. (1981). Timber It’s Structure, Properties and 
Utilisation – Sixth Edition. The Macmillan Press Ltd: New York. 
Detchev, I, Habib, A. and El-Badry, M. (2011). Estimation of Vertical Deflections in 
Concrete Beams Through Digital Close Range Photogrammetry. ISPRS XXXVIII-
5-W12-219-2011 Conference: ISPRS Workshop on Laser Scanning 2011, 
Calgary, Alberta, Canada. 
Detchev, I, Habib, A. and El-Badry, M. (2013) Dynamic Beam Deformation 
Measurements with Off-The-Shelf Digital Cameras. Journal of Applied Geodesy. 
Vol. 7, Issue 3 (Aug 2013) pp. 147 – 157. 
Farshid, F. A. (2016). “Integration of Industrial Photogrammetry and Neuro-Fuzzy 
System for Measuring and Modeling Deformation of Industrial Product Surfaces 
Under External Forces”. Journal of Measurement. Volume 79, February 2016, pp. 
94–100. 
Fu, G. and Moosa, A.G. (2002). An Optical Approach to Structural Displacement 
Measurement and Its Application. Journal of Engineering Mechanics, Vol. 128, 
No. 5, pp. 511-520. 
Forne, C.J. (2007). 3-D Scene Reconstruction from Multiple Photometric Images. PhD 
Thesis: University of Canterbury, Chris Church, New Zealand. 
Forno, C. Brown. S., Hunt, R.A., Kearney, A.M. and Oldfield, S. (1991). The 
Measurement of a Bridge by Moire Photography and Photogrammetry. Strain. 
Vol. 27(3). pp. 83-87.  
Fraser, C.S. (1992). Photogrammetric Measurement to One Part in a Million. 
Photogrammetry Engineering and Remote Sensing, Vol. 58, No. 3, pp. 305–310 
Fraser, (1996). Network Design. In Atkinson, K.B. (Ed). Close Range 
Photogrammetry and Machine Vision. Whittless Publishing: Scotland, pp. 256-
281. 
Fraser, C.S., Edmundson, K. (2000). “Design and Implementation of Computational 
Processing System for Off-line Digital Close Range Photogrammetry”. ISPRS 
Journal of Photogrammetry & Remote Sensing, Vol. 50, N0.2, pp. 94 – 104. 
Fraser, C.S. and Riedel, B. (2000). Monitoring the Thermal Deformation of Steel 
Beams via Vision Metrology. ISPRS Journal of Photogrammetry & Remote 




Fraser, C.S and Brizzi, D. (2002). Deformation Monitoring of Reinforced Concrete 
Bridge Beam. Proceeding 2nd International Symposium on Geodesy for 
Geotechnical and Structural Engineering. 21-24 May, pp. 338-343. 
Fraser, C., Brizzi, D. and Hira, A. (2003). Photogrammetry Monitoring of Structural 
Deformation: The Federation Square Atrium Project. In proceedings of Optical 
3D Measurement Technique. Vol. 1, 22- 25 September, Zurich, Switzerland, pp. 
322-329. 
Fraser, C., and Brizzi, D., (2003). Photogrammetric Monitoring of Structural 
Deformation: The Federation Square Atrium Project. (A. Grun and H. Kahmen, 
editors), Optical 3D Measurement Techniques VI, Volume II, pp. 89-95. 
Frayer, J.G., Mithell, H. L, and Chandler J. H. (2006). Application of 3D Measurement 
From Images. Scotland, UK: Whittles Publishing 
Galantucci L. M., Pescea, M., Lavecchia, F. (2016). A Powerful Scanning 
Methodology for 3D Measurements of Small Parts with Complex Surfaces and 
Sub Millimeter-Sized Features, Based on Close Range Photogrammetry. 
Precision Engineering Volume 43, January 2016, pp. 211–219. 
Germaneau, A. (2007). Developement of Volume Measurement Techniques: 3D 
Photoelasticity by Optical Slicing and Digital Volume Correlation by Optical X-
ray Tomography. Study of 3D Mechanical Effects in Structure and Biomaterials. 
PHD Thesis, University of Poitiers. 
Germaneau, A., Doumalin, P. and Dupre, J.C. (2008). Comparison Between X-ray 
Micro-Computed Tomography and Optical Scanning Tomography for Full 3D 
Strain Measurement by Digital Volume Correlation. NDT & E International. Vol. 
41, pp. 407-415. 
Gordon, S., Litchi, D., Chandler, I., Stewart, M. And Franke, J. (2003). Precision 
Measurement of Structural Deformation Using Terrestrial Laser Scanners. In 
Proceeding of Optical 3D Measurement Techniques. Vol. 1, 22 – 25 September, 
Zurich, Switzerland, pp. 89-96. 
Gordon, S. J. and Litchi, D.D. (2007). Modelling Terrestrial Laser Scanner Data for 
Precise Structural Deformation Measurement. Journal of Surveying Engineering. 
pp. 72-80.  
Gruen, A.W., (1985). Adaptive Least Squares Correlation: A Powerful Image 
Matching Technique. South African Journal of Photogrammetry, Remote Sensing 




Gruen, A. W. and Baltsavias, E. P. (1988). Geometrically Constrained Multi-Photo 
Matching”. Photogrammetry Engineering And Remote Sensing, Vol. 54, No. 5, 
pp. 633-641. 
Gruen, A. W. (1996). Least Square Matching: A Findamental Measurement 
Algorithm. In Close Range Photogrammetry and Machine Vision, Atkinson K. B. 
(Eds.). Whittles Publishing: UK, pp. 217-255.   
Gruen, A.W. and Akca, D. (2005). Least Squares 3D Surface and Curve Matching. 
ISPRS Journal of Photogrammetry and Remote Sensing, Vol. 59, pp. 151-174. 
Guler, M. Eduil, T. And Bosscher, P. (1999). Measurement of Particle Movement in 
Granular Soils Using Image Analysis. Journal Computing Civil Engineering. Vol. 
13, No. 2, pp. 116-122. 
Hampel. U. and Maas, H. G., (2003). Application of digital photogrammetry for 
Measuring Deformation and Cracks During Load Tests in Civil Engineering 
Material Testing. (Grun. A. and Kahmen, H. editors), Optical 3D Measurement 
Techniques VI, Volume II, pp. 80–88. 
Hampel, U. (2008). Application of Photogrammetry for Measuring Deformations and 
Cracks during Load Tests in Civil Engineering Material Testing. Dresden 
University of Technology, Dissertation. 
Hampel, U. (2010). Crack Detection during Load Tests in Civil Engineering Material 
Testing With Digital Closed Range Photogrammetry – Algorithms and 
Applications. International Archives of Photogrammetry, Remote Sensing and 
Spatial Information Sciences, Vol. XXXVIII, Part 5 Commission V Symposium, 
Newcastle upon Tyne, UK 
Haddadi, H. and Belhabib, S. (2008). Use of Rigid Body Motion for the Investigation 
and Estimation of the Measurement Errors Related to Digital Image Correlation. 
Optics and Lasers Engineering.  Vol. 46, pp. 185-196.  
Han, I. and Kang H. (2016), Three-dimensional crush scanning methods for 
reconstruction of vehicle collision accidents. International Journal of Automotive 
Technology. Vol.17, Issue 1, pp 91-98 
Haralick, R. M. and Shapiro L. G. (1992). Computer and Robot Vision. Addison-
Wesley Publishing Company: Sydney. 
Haralick R. M. and Shapiro L.G (1993). Computer and Robot Vision Vol. II. Addison-




Helava, U.V. (1988). Object Space Least-Squares Correlations. Photogrammetric 
Engineering and Remote Sensing, Vol. 54(6), pp. 711-714. 
Hepki, C. (1992). A Global Approach for Least Squares Image Matching and Surface 
Reconstruction in Object Space. Photogrammetric Engineering and Remote 
Sensing, Vol. 58(3), pp. 317-323. 
Heipki, C. (1993). An Integral Approach to Digital Image Matching and Object 
Surface Reconstruction. In Grun, W. A. and Kahmen, H. (Eds.) Optical 3D 
Measurement Techniques. Wichman Verlage, Kalrsuhe, 495 pp. 347 – 359. 
Horii, H., Takamatsu, K. Inoue, J. And Sasaki (1998). Measurement of Displacement 
Field by ‘Match Method’ and Observation of Strain Localization in Soft Rock. 
Proceeding 2nd International Conference on Imaging Technologies: Techniques 
and Applications in Civil Engineering, ASCE.      
Hung, P.C. and Voloshin, A. S. (2003). In-plane Strain Measurement by Digital Image 
Correletion. Journal of the Brazil Society of Mechanic Science and Engineering. 
Vol. XXV, No. 3, pp. 215-221. 
Huon, V., Wattrisse, B., El Youssoufi, M. S. and Chrysochoos, A. (2007). Mechanical 
Behaviour of Terra Cotta Ceramic Characterized by Kinematic Full-Field 
Measurements. Journal of Material in Civil Engineering (ASCE). Vol. 19, No.8, 
pp. 642. 
Hyoseong, L., Huinam, Rhee, Jae, H. O. and Jin, H. Park (2016). Measurement of         
3-D Vibrational Motion by Dynamic Photogrammetry Using Least-Square Image 
Matching for Sub-Pixel Targeting to Improve Accuracy. Sensors, Vol. 16(3), 359  
Jauregui, D. V., White K. R., Woodward, C. B., Leitch, K. R. (2003). Non-Contact 
Photogrammetric Measurement of Vertical Bridge Deflection. Journal of Bridge 
Engineering. ASCE, Vol. 8, No. 4, pp. 212-222. 
Jauregui D, White, K., Woodward, C. and Leitch, K. (2002). Static Measurement of 
Beam Deformations via Close-Range Photogrammetry. Transportation Research 
Record: Journal of the Transportation Research Board.  Issues, Volume 1814. 
Jauregui, D.V. and White, K.R (2005). Bridge inspection using virtual reality and 
photogrammetry. Inspection and Monitoring Techniques for Bridges and Civil 
Structures. A Volume in Woodhead Publishing Series in Civil and Structural 




Jiang, R., Jauregui, D. V. and White, K. R. (2008). “Close Range Photogrammetry 
Applications in Bridge Measurement: Literature Review”. Journal of 
Measurement. Volume 41, pp. 824-834.    
Kaifeng Ma1, Ximin Cui1 Guiping Huang and Debao Yuan (2016). Effect of Light 
Intensity on Close-Range Photographic Imaging Quality and Measurement 
Precision. International Journal of Multimedia and Ubiquitous Engineering. 
Vol.11, No.2 (2016), pp. 69-78. 
Kim, B.G. (1989). Development of Photogrammetry System for Monitoring Structural 
Deformation of the Sturgeon Bay Bridge.  PhD Thesis: University of Winsconsin 
Madison. 
Koken, A, Koroglu, M. A., Karabork, H., and Ceylan, A. (2014). Photogrammetric 
Approach in Determining Beam-Column Connection Deformations. Centro 
Politecnico, Jardim das Americas. Brazil 
Kuang, K. S. C., Akmaluddin, Cantwell, W. J. and Thomas, C. (2003). Crack 
Detection and Vertical Deflection Monitoring in Concrete Beams Using Plastic 
Optical Fibre Sensors. Measurement Science and Technology. Institute of Physic 
Publishing: United Kingdom. 
Ku, Y. C. (1986). Deflection of Beams for All Spans and Cross Sections. McGraw-Hill 
Book Company: United States of America. 
Kwak, E., Detchev, I., Habib, A., El-Badry, M., and Hughes, C. (2013). Precise 
Photogrammetric Reconstruction Using Model-Based Image Fitting for 3D Beam 
Deformation Monitoring. Journal of Surveying. Engineering, 
10.1061/(ASCE)SU.1943-5428.0000105, pp. 143-155. 
Lahamy, H., Lichti, D. D., Steward, J., El-Badry, M. and Moravvej, M. (2016). 
Measurement of Deflection in Concrete Beams during Fatigue Loading Test 
Using the Microsoft Kinect 2.0. Journal of Applied Geodesy. Vol. 10, Issue 1, pp. 
71–77  
Lauf, G. B. (1983). The Method of Least Squares with Applications in Surveying. 
TAFE Publications Unit, Victoria, Australia, 168p. 
Lee, T. K. and Al-Mahadi, R. (2008). An Investigation on Shear Behaviour of RC T-
Beams Strengthened with CFRP Using Photogrammetry. Journal of Composite 




Lecompte, D., Vantomme, J. and Sol, H. (2006). Crack Detection in a Concrete Beam 
using Two Different Camera Techniques. Structural Health Monitoring: Online 
Sage Publications.  
Leitch, K.R. (2002). Close-range Photogrammetric Measurement of Bridge 
Deformation. PhD Dissertation. New Mexico State University: New Mexico. 
Leipnera, A., Baumeistera, R., Thalia, M. J., Braunb, M, Doblerb, E. and Eberta, L. C. 
(2016). Multi-camera system for 3D forensic documentation. Forensic Science 
International. Vol.261, April 2016, pp. 123–128. 
Liu, J. and Iskander, M. (2004). Adaptive Cross Correlation for Imaging Displacement 
in Soils. Journal Computing Civil Engineering. Vol. 18 No.1, pp. 46-57. 
Licthi, D. D., Stewart, M.P., Tsakiri, M. and Snow, A.J. (2000). Calibration and testing 
of a terrestrial laser scanner. In: IAPRS, Vol. XXXIII, Part B/2, 492p. 
Luhmann, T, Robson, S. M., Kyle, S. And Harley, I. (2006). Close Range 
Photogrammetry Principles, Methods and Applications. Whittles Publishing: 
Scotland, UK. 
Maas, H, G. (1996). Automated DEM generation by Multi-Image Feature Based 
Matching. Int. Archives for Photogrammetry and Remote Sensing, 31(B3), pp. 
484-489. 
Maas, H. G., Hampel, U., 2006. Photogrammetric Techniques in Civil Engineering 
Material Testing and Structure Monitoring. Photogrammetric Engineering & 
Remote Sensing 72(1), pp. 39 – 45. 
Maas H.G. and Liebold (2016). Advanced spatio-temporal filtering techniques for 
photogrammetric image sequence analysis in civil engineering material testing. 
ISPRS Journal of Photogrammetry and Remote Sensing, Volume 111, January 
2016, Pages 13–21. 
Man Hong Yau (2014). Vertical Displacement Measurement Using Fiber Bragg 
Grating (FBG) Sensors for Structural Health Monitoring Of Bridges. School of 
Civil Engineering and Built Environment Science and Engineering Faculty 
Queensland University of Technology. PhD Thesis.  
Martinez, S. J., Arias, P. and Caamano, J. C. (2016). Closed Range Photogrammetry: 
Fundamentals, Principles and Applications in Structures. In Non-Destructive 
Techniques for the Evaluation of Structures and Infrastructure. CRC Press, Taylor 




Menna, F. and Troisi, S. (2007). “Photogrammetric 3D Modelling of a Boat’s Hull.” 
Optical 3D Measurement Techniques Vol. II. pp. 347- 354. 
Mill, J., and Barber, D. (2004). Geomatic Techniques for Structural Surveying. 
Journal of Surveying Engineering. Vol. 130(2), pp. 56-64. 
Mitchell, H.L. (1990) Automated Measurement of surfaces at Close-Range Using a 
Projected Pattern for Texturising and Targetting. Photogrammetric Report, No. 
56, Department of Photogrammetry, Royal Institute of Technology, Stockholm. 
47p. 
Mitchell, H. L. (1995). Application of Digital Photogrammetry to Medical 
Investigations. ISPRS Journal of Photogrammetry and Remote Sensing. Vol. 
50(3), pp. 27 -26. 
Mitchell, H. L. and Newton, I. (2002). Medical Photogrammetric Measurement: 
Overview and Prospects. ISPRS Journal of Photogrammetry and Remote Sensing. 
Vol. 56(5-6), pp. 286 – 294. 
Morrow, H.W. and Kokkernak, R.P. (2004). Static and Strength of Materials. Fifth 
Edition, Pearson Prentice Hall: Singapore.  
Mustaffar, M. (1997). Accuracy Improvement in Area-Based Image Matching For 
Automated Surface Measurement in Digital Photogrammetry.” PhD. Thesis. 
University of Newcastle: New South Wale, Australia.  
Mustaffar, M. & Mitchell, H.L. (2001). Improving area-based matching by using 
surface gradients in the pixel co-ordinate transformation. ISPRS Journal of 
Photogrammetry & Remote Sensing, Vol. 56(1), pp. 42-52.  
Musttafar, M., Ahmad, A. and Shahdan, A. Y. (2004). The Use of Surface Model in 
Area-Based Matching in Determining Deformations of Steel Structures. Geo-
Imagery Bridging - XXth ISPRS Congress, Proceeding of IAPRS, Vol. XXXV, 
658p. 
Mustaffar, M., Ahmad, A., Sa’ari, R. (2007). Investigating the Feasibility of 
Photogrammetric Area-Based Matching Technique in the Measurement of Three-
Dimensional Deflection of Structures. Research Report Vot RMC: 75155. 
Universiti Teknologi Malaysia.  
Mustaffar, M., Ahmad, S., Saari, R., Mohamad, M (2009). Measuring Beam 
Deflection Using Stereo Digital Images. 7th Asia Pacific Structural Engineering 
and Construction Conference (APSEC 2009) & 2nd European Asian Civil 




Mustaffar, M,, Sa'ari, R., Zakaria, R., Ahmad Shakiri, M. R. and Haron, Z. (2012). The 
Application of Convergent Multi-Image Correlation in Determining Deformations 
in Experimental Mechanics. Journal in Advance Science Letters. Vol. 13, No. 1, 
June 2012, pp. 720-723 (3).  
Nawy, E.G. (2003). Reinforced Concrete a Fundamental Approach – Fifth Edition. 
Prentice Hall: Malaysia. 
Offrell, P., Sjogren, L. and Magnusson, R. (2005). Repeatability in Crack Data 
Collection on Flexible Pavement: Comparison between Survey Using Videos 
Cameras, Laser Scanner and a Simplified Manual Survey. Journal of 
Transportation Engineering, Vol. 131 No. 7, pp. 552-562. 
Othman, C.P., Mushairry, M. And Tung, C.L. (2007). Automated Pavement Imaging 
Program (APIP) for Pavement Cracks Classification and Quantification. 
Malaysian Journal of Civil Engineering. Vol. 19. No.1, pp. 1 – 16.  
Ordonez, C., Arias, P., Herraez, J., Rodriguez, J. and Martin, M.T. (2007). Two 
Photogrammetric Methods for Measuring Flat Elements in Buildings under 
Construction. Journal of Automation in Construction. Vol. 17, pp. 517-525. 
Pavelka, J., Sedina and Bila, Z. (2016). Use of Close Range Photogrammetry for 
Structural Part Deformation Monitoring. Advanced and Trend in Engineering 
Science and Technologies. Al Ali & Platko, P. (Editors). Taylor & Francis Group 
London. ISBN:979-1-138-02907-1.   
Pertl, A. (1985). Digital Image Correlation with an Analytical Plotter. 
Photogrammetria, Volume 40, Issue 1, September 1985, pp. 9-19. 
Pope, A.J. (1976). The Statistics of Residuals and the Detection of Outliers. NOAA 
Technical Report NOS 65 NGS 1, Rockville, Maryland, 133p. 
Psaltis, C and Ioannidis, C. (2004). An Automatic Technique for Accurate Non-
Contact Structural Deformation Measurements. Geo-Imagery Bridging - XXth 
ISPRS Congress Continents. Proceeding of IAPRS, Vol. XXXV, pp. 242-247. 
Potuckova, M. (2006). Image Matching and Its Applications in Photogrammetry. 
Ph.D. Thesis. Department of Development and Planning, Aalborg University, 
Denmark. 
Quinones-Rozo, C. A., Hashash, Y. M. A. and Liu. L. Y. (2008). Digital image 
Rezoning for Tracking Excavation Activities. Journal Automation in 




Rieke-Zapp, D. H. And Nearing M. A. (2005). Digital Close Range Photogrammetry 
for Measurement of Soil Erosion. The Photogrammetric Record, Vol.20, No.109, 
pp 68-87. 
Frangopol, M., Riveiro, B and  Solla, M. (2016). Non-Destructive Techniques for the 
Evaluation of Structures and Infrastructure. CRC Press, Taylor and Francis Group. 
Netherlands. 397p. 
Ronnholm, P., Nuikka, M., Suominen, A., Salo P., Hyyppa H., Pontinen, P., Haggren, 
H., Vermeer, M., Puttonen, J., Hirsi, H., Kukko, A., Kaartinen, H., Hyyppä, J. and 
Jaakkola, A., (2009). Comparison of Measurement Techniques and Static Theory 
Applied to Concrete Beam Deformation. The Photogrammetric Record, Vol. 
24(128), pp. 351–371 
Rosenholm, D. (1987a). Multi-Point Matching Using the Least Squares Technique for 
Evaluation of Three-Dimensional Models. Photogrammetric Engineering and 
Remote Sensing, Vol. 53(6), pp. 621-626. 
Rosenholm, D. (1987b) Least Squares Matching Method: Some Experimental Results. 
Photogrammetric Record, Vol. 12, No.70, pp. 493-512. 
Roylance, D. (1996). Mechanic of Materials. John Wiley & Son, Inc.: New York. 
Samer, S., Iskandaer, M. G. and Liu, J. (2003). Accuracy of Digital Image Correlation 
for Measuring Deformation in Transparent Media. Journal of Computing In Civil 
Engineering, ASCE. Vol. 17, No. 2, pp. 88-96.  
Samer, S., Iskandaer, M. G. and Liu, J. (2005). Closure to Accuracy of Digital Image 
Correlation for Measuring Deformation in Transparent Media. Journal of 
Computing in Civil Engineering, ASCE. pp. 219-222. 
Schew, H. (2000). Soft Tissue Analysis and Cast Measurement in Orthodontic Using 
Digital Photogrammetry. Proceeding of IAPRS Vol. XXXIII. 
Schenk, T. (1999). Digital Photogrammetry. Terra-Science, Laurelville, Ohio, 428p. 
Scott, P. J. (1978). Structural Deformation Measurement of a Model Box Girdier 
Bridge. Photogrammetric Record. Vol. 9, No 51, pp. 361-378.  
Stanton, J. F., Eberhard, M. O., and Barr, P. J. (2003). A weight stretched - wire system 
for monitoring deflections. Engineering. Structural, Vol.25, No.3, pp. 347–357. 
Stavroulaki, M. E., Riveiro, B., Drosopoulos, D. A., Solla M., Koutsianitis, P, 
Stavroulakis G. E., (2016). Modelling and Strength Evaluation of Masonry 
Bridges Using Terrestrial Photogrammetry and Finite Elements. Advances in 




Styliadis, A. D., 2007. Digital Documentation of Historical Buildings with 3-D 
Modeling Functionality. Automation in Construction, Vol. 16, No. 4, pp. 498-510 
Stochino, F, Cazzani A, Poppi, S. Turco, E. (2015). Sardinia Radio Telescope Finite 
Element Model Updating by Means of Photogrammetric Measurements. 
Mathematics and Mechanics of Solids. December 30, 2015.  
Su, C., Anand, L., 2003. A New Digital Image Correlation Algorithm for Whole-field 
Displacement Measurement. In: Proceedings Singapore-MIT Alliance 
Symposium of Innovation in Manufacturing Systems and Technology. 
Tesauro, A., Eder, M. A., & Nielsen, M. (2014). Measurement of Local Relative 
Displacements in Large Structures. Journal of Strain Analysis for Engineering 
Design, Volune 49, No. 5, pp. 301-314. 
Tsakiri, M., Ioannidis, C., Papanikos, P. and Kattis, M. (2004). Load Testing for 
Structural Assessment Using Geodetic and Photogrammetric Techniques. In 1st 
FIG International Symposium on Engineering Surveys for Construction Works 
and Structural Engineering (28 June- 1 July) Nottingham, United Kingdom 
Tsakiri, M., Lichti, D.D. and Pfeifer, N. (2006). Terrestrial Laser Scanning for 
Deformation Monitoring. 3rd IAG/12th FIG Symposium, Baden, May 22-24.    
Umezaki, E., Shimamoto, A. and Watanabe, H. (1993). Improvement in Speed and 
Accuracy of Digital Image Correlation Method. In Proceeding of Conference on 
Advanced Technology in Experimental Mechanic, JSME. pp. 173-178. 
Valença, J. (2014) Systems Based On Photogrammetry to Evaluation of Built 
Heritage: Tentative Guidelines and Control Parameters. The International 
Archives of the Photogrammetry, Remote Sensing and Spatial Information 
Sciences, Volume XL-5, ISPRS Technical Commission V Symposium, 23 – 25 June 
2014, Riva del Garda, Italy 
Valenca, J., Julio E. N. B. S. and Araujo H. A. (2012). Applications of 
Photogrammetry to Structural Assessment. Experimental Techniques. Volume 36, 
Issue 5, pp. 71–81. 
Van Der Merwe, N. (1995). Development of an Image Matching Scheme Using 
Feature-Based and Area-Based Matching Techniques.  Ph.D. thesis University of 
Cape Town, South Africa, 200p. 
Wong, K.M. (1986). Close-Range Mapping With a Solid State Camera. 




Whiteman, T., Licthi, D. D., and Chandler, I. (2002). Measurement of Deflections in 
Concrete Beams by Close Range Digital Photogrammetry. Symposium on 
Geospatial Theory, Processing and Applications. Ottawa 2002, ISPRS 
Proceedings.   
White, D.J., Take, W.A. and Bolton, M.D. (2003). Soil Deformation in Measurement 
Using Particle Image Velocimetry (PIV) and Photogrammetry. Geotechnique. 
Vol. 53, No. 7, pp. 619-631. 
White, D.J., Take, W.A. and Bolton, M. D. (2005). Discussion of “Accuracy of Digital 
Image Correlation for Measuring Deformation in Transparent Media” by Samer, 
S., Iskander, M.G. and Liu, J., Journal of Computing in Civil Engineering, ASCE. 
Vol 19:2, pp. 219-222. 
Wolf, P. R. (1998). Element of Photogrammetry (Second Edition). McGraw-Hill: 
Sydney, Elements of Photogrammetry with Application in GIS. McGraw Hill: 
New York. 628p. 
Woodhouse, N.G., Robson, S. and Eyre, J.R. (1999). Vision Metrology and Three 
Dimensional Visualization in Structural Testing and Monitoring. 
Photogrammetric Record. Vol. 16, No 94, pp. 625-641. 
Yilmaz, H.M., Yakar, M. And Yildiz, F. (2008). Documentation of Historical 
Caravansaries by Digital Close Range Photogrammetry. Journal of Automation in 
Construction. Vol. 17, pp. 489-498.  
Yilmaz, (2009). Close Range Photogrammetry in Volume Computing. Experimental 
Techniques, Volume 34, Issue 1. 
Zamirroshan, A. (2004). Designing Software for 3D Object Modelling Using Digital 
Close Range Photogrammetry. International congress for photogrammetry and 
remote sensing; ISPRS XXth congress. Vol. 35, pp. 145-149. 
Zubair A. Memon, Muhd Zaimi. A. M. and Mushairry M. (2006). The use of 
Photogrammetry techniques to evaluate the construction progress, Jurnal 
Teknologi, Universiti Teknologi Malaysia. 
Zulkifli, M. Z., Chong, A. K., Rani Shamsudin, A. R., Ahmad, A. and   Halim, S. 
(2005). Photogrammetry and 3D Laser Scanning as Spatial Data Capture 
Technique for National Craniofacial database. Photogrammetry Record, Vol. 20 
Issue 109. pp. 48-68. 
 
